With the development of smart grid and the increase of global resident Plug-In Electric Vehicle (PEV) market in the near future, the interaction between limited distribution grid capacity and uncontrollable PEV charging loads can lead to violations of local grid restrictions. And the proper model charging scheduling mechanism is the key to assess and satisfy various resident charging requirements and help in optimizing utility utilization. In this paper, the distribution grid profile model with PEV charging power is firstly constructed for the purpose of studying resident PEV charging impact on the distribution grid. To better reflect the actual impact of PEVs, we use real data on driving behaviors, vehicle characteristics, and electricity loads to generate our model. Furthermore, an improved queuing-theory-based scheduling mechanism is proposed, the distribution grid communication structure and the algorithm are illustrated, and computer simulations are demonstrated to verify their performance. The results show that the proposed scheduling mechanism will enhance the distribution grid flexibility to meet various charging requirements while maximizing the grid capacity.
Introduction
The smart grid represents a new paradigm in electrical power distribution and management. Incorporating advanced twoway communications and distributed computing capabilities, smart grid is emerging power grids that enhance control, efficiency, reliability, and safety. The resident Plug-In Electric Vehicle (PEV) is a motor vehicle that can be recharged by plugging in the house electricity source [1] . With zero greenhouse gas emission and a readily available energy source, PEV offers a promising alternative for residents as a new mean of transportation. The National Electromobility Development Plan, proposed by the German Federal Government in August 2009, predicts one million electric vehicles on German roads by 2020 [2] . And current estimations state that only by 2015 there would be more than 3 million electric vehicles on roads all around the world [3] .
While this is a huge step forward for electric vehicles and emissions reduction, it will also cause a huge demand for electricity. Considering that the PEV batteries are sizeable and uncoordinated loads, the large-scale adoption of PEVs will significantly increase the power grid load especially in the peak load hours. And the coincidence between peaks of PEV charging load and non-PEV load will require massive investments in generation, transmission, and distribution [4, 5] . Moreover, since PEV adoption is initially expected to cluster in residential communities where the demand for PEVs is strongest [6] , those PEVs will increase the potential for negative distribution system impacts, and the charging power may overload transformers and sap much needed distribution capacity, causing severe grid fluctuations and blackouts while degrading power grid efficiency [7] .
On the other side, due to the PEVs' high battery capacities and high charging powers to store massive electricity at offpeak hours, they may serve as ideal actors for demand side management (DSM) and can maximize the yield of electricity supplied by renewable sources such as PV panels [8] . And the development of smart grid and AMI techniques enables utilities in many countries to adopt various price strategies or regulations, for example, time-of-use (TOU) tariff, to shift the PEVs charging requests [9] . However, the increasing penetration of resident PEVs brings various quality-of-service (QoS) requirements [10] . Moreover, if it goes without the proper charging scheduling management, the large charging activities that have been shifted to the night by price strategies will also bring night high-peak hours to the grid [11] . Considering all the facts above, in order to maintain the reliability of the power system, the appropriate model for evaluating and predicting PEV charging activity impact toward smart grid must be designed, and a proper PEV charging scheduling mechanism is critical for maintaining the grid safety and PEV charging efficiency. Several recent works currently are undergoing the effort to optimize the PEV charging activity. Asad et al. [12] adopted sensor web service to manage the charging activity, but the algorithm considers few parameters and is not practical. Callaway and Hiskens proposed a hysteresis-based control strategy in [13] to charge PEV intermittently, but that strategy will cause obvious oscillations due to charging synchrony. Taheri and Entriken proposed a clustering algorithm in [14] to consider future demands of vehicles in a fleet, and in their algorithm each vehicle's charging schedule is instantly determined as it connects to the grid; therefore, the scheduling process is not dynamic and lacks flexibility. Baek et al. in [15] put forward a queuing model for PEV charging systems; however, the proposed M/M/Inf model does not quite match the real PEV charging scenario in the smart grid.
Although a number of papers in this field have established the benefits of optimizing PEV charging activities, the PEV charging model in the smart grid has not been practically and clearly demonstrated; therefore, the real-time impact of PEVs on the distribution grid has yet to be fully explored. Moreover, considering the limited computational capabilities of smart grid terminals in the residential area, a relatively low complexity scheduling mechanism is preferred. Therefore, this paper proposed a resident PEV charging model based on the driving data from National Household Travel Survey (NHTS), 2009 [16] . The real-time grid profile data of the utility are also imported into this model to get the impact of charging activity. Based on the model this paper illustrates the communication structure of the distribution grid, and an improved queuing-theory-based scheduling algorithm is proposed, which would work to coordinate PEVs charging activity with the consideration of both distribution grid safety and the various PEV charging requirements. The simulation shows that the proposed mechanism can improve the ability of the distribution grid to better respond to the resident PEV charging demand while improving the reliability of the grid system.
The rest of this paper is organized as follows. Section 2 illustrates the communication structure of the smart grid with the adoption of PEVs, analyses the resident PEV charging activity, and proposes the model in the distribution grid. The charging activity impact of the PEV is demonstrated with the proposed model. Section 3 analyses scheduling using queuing theory and proposes the improved scheduling mechanism. The simulation is presented and discussed in Section 4 to inspect its effectiveness; then the paper concludes in Section 5.
PEV Charging Activity
Analysis and Modeling
Key Parameters Analysis of PEV Charging
Activity. Considering the fact that resident PEVs will be a major smart grid application [17] , the key parameters that affect the power grid are the PEV types, resident driving habits, the distribution grid load profile, and PEV market.
(1) PEV Types. PEV type determines the vehicle's charging power and battery capacity . Based on the 2009 NHTS database, the resident vehicles can mainly be classified by the following four types: auto, sport utility vehicle (SUV), pickup, and truck. To model the impact of PEV charging activities, we selected four PEV prototypes, respectively, for each type, and their key parameters are shown in Table 1 . Nissan LEAF [18] is the latest version of pure electric autos in the market, and the electric Cherokee [19] developed by AMP and Jeep is an ideal substitution for ordinary SUV, while the Newton Pickup and Edison Truck produced by Smith [20] have been widely used in US transportation business.
(2) Resident Driving Habits. Driving habits of the drivers influence the charging start time and duration directly, where is mainly determined by the home-arrival time, and depends on the daily driving range together with the battery capacity and charging power. Given the assumption that the resident driving habits stay unchanged and PEVs will get recharged immediately when arriving home, the twodimensional conditional probability distribution diagram between daily range and home-arrival time on weekdays and weekends is constructed based on the statistical data in NHTS 2009. The two distribution diagrams are illustrated in Figures 1 and 2. As can be observed, the majority of PEVs should be charged between 15:00-20:00 on the weekdays and 18:00-23:00 on the weekends, and the daily ranges are mostly within 50 miles. grid load curve ( ). And therefore the available power for PEV charging activities depends on the original grid load profile load and the distribution grid capacity all , that is, the maximum power allowance. In this paper, the electricity grid load profile consults the real load of the Electric Reliability Council of Texas (ERCOT) [21] . ERCOT is an isolated electrical system operator that manages the flow of electric power to 23 million customers in Texas; this paper calculates the average power consumption on the hour and interpolates the hourly data into continuous power profile ( ). Considering that the large-scale PEV data is not presently available, the paper reasonably assumes a residential community with oneten-thousandth of Texas population, and all houses in this community are equipped with the smart meters. Provided that the residential consumption ratio of Texas electricity is 37.6% [22] , the residential community original grid load profile load can be calculated from the function:
where is the population of the proposed residential community, which is supposed to be 2300 as one-ten-thousand of the population of Texas . Given that the ERCOT capacity is 83000 MW, the community distribution grid capacity all is assumed to be 3000 kW.
(4) PEV Market. The number of PEVs on a certain area depends on its population , vehicles ownership ratio , and the PEV penetration ratio . Due to the NHTS 2009, the vehicles ownership ratio is 74%. Therefore, given the 2300-population residential community, the vehicle amount is about 1702.
PEV Charging Activity Modeling.
Considering the charging activity from the th PEV, the charging time duration can be calculated from the function:
where is the driving miles, is the battery capacity, is the maximum range, is the charging power, and is the charging efficiency. Provided the PEV charging start time, the charging end time can be calculated by the function:
Without the loss of generality, the arrival time of the PEV in this paper is regarded to be a nonstationary Poisson process [23] , and the probability distribution function of newarrival charging PEVs in each hour is the function:
where is the expectation of hourly new-arrival charging PEVs, and it can be calculated from the function:
where is the piecewise function of PEV charging time hourly fractions on weekdays and weekends, which can be derived from Figures 1 and 2 . Therefore, considering the proposed community with all the above parameters, the real power load on the distribution grid when adopted with PEVs real can be expressed in the function:
where ( ) is the step function.
PEV Charging Impact Simulation.
Based on the proposed model, the simulation of PEV charging impact to the electricity grid is demonstrated in Figure 3 . The PEV penetration ratio is set to be 0.4. The thin and thick dashed red wave represents the power of original distribution grid load load in summer weekdays and weekends, and the dotted line in 3000 kW is the distribution grid capacity. The thin and thick solid lines denote the distribution grid load real which includes the addup of PEV charging power.
As is indicated in Figure 3 , the PEV charging activity without proper management conducts a severe grid fluctuation. The power profile caused by mass PEV charging activity significantly reshapes the original grid load power profile and enlarges the peak time as well as the peak value. Due to the coincidence of the night charging activities, the charging load around 20:00 p.m. rises to the distribution grid capacity, which might cause critical accidents in reality. However, the load after midnight is nearly unchanged, which denotes that the power generation in the night is not well utilized. In order to maximize the grid utilization to support the future growth of PEV market without investing heavily in upgrading existing grid capacity, the PEV charging activity scheduling mechanism should be developed.
PEV Charging Activity Scheduling Mechanism

Distribution Grid Communication Structure.
In this paper, it is assumed that most of the PEVs owners in the proposed community have been interested in participating in utility scheduling by charging or discharging their PEVs. And therefore a proper communication structure based on the smart grid is necessary to enable the utility's scheduling instruction and the PEV owners' timely response. Considering a PEV-adopted distribution grid system, we can identify three main communication network components between resident houses and distribution station: wide area network, neighborhood area network, and home area network. As is demonstrated in Figure 4 , in order to achieve the scheduling, each resident PEV should be monitored and powered by a smart meter in the house of the PEV owner.
The smart meter is an intelligent device that manages the power supply of the home area network (HAN) in the smart grid, and the control of the house owner or utility will be performed by the predeployed smart sockets. Smart meters in a certain area, for example, a residential community, can form a neighborhood area network (NAN) through wireless mesh networks, power line communication (PLC), or Ethernet and handle the last-mile connectivity from the smart meters located on the edge of the power grid to the grid data collectors. Each data collector coordinates a large number of houses and manages the communication between a group of residents and an electric distribution utility, collecting smart meter data and transferring the utility instruction and information through wide area network (WAN), and the public wired (solid line) and wireless (dashed line) communication networks with a ubiquitous reach are critical elements of successful WAN communication.
Queuing-Theory-Based Scheduling
Algorithm. There are currently no standard algorithms on regulating PEV charging activity in the smart grid. Although several proposed sophisticated management mechanisms relying on real-time high-speed communications could allow distribution circuits to run at nearly full capacity, the cost-effectiveness would then compromise due to the sophisticated mechanism, and complex negotiation between the resident and the utility may result in an unsuccessful outcome [24] . Considering the realistic scenario of the smart grid in the near future, scheduling algorithm based on relatively low computing complexity should be more appropriate. They can be easily deployed in smart meters and other smart devices; meanwhile their communications require relatively few network resources to manage hundreds of PEV charging activities in a certain area. Queuing theory is adopted in a widespread manner for analyzing and optimizing stochastic problems, as they provide a range of benefits in scheduling the available resource to maximize the need of consumers with low computing complexity, which is suitable for the low-cost and low-power smart sockets and can be well applied in smart meters.
There are many different queuing regulations for different circumstances, which follow a different scheduling algorithm and have their own advantages and disadvantages. firstcome first-served (FCFS) is the basic scheduling algorithm for PEV charging in many grids and charging stations. The main process of scheduling mechanism with FCFS algorithm is illustrated in Figure 5(a) . If the grid is in peak hours when new PEV arrives and there is no available power for charging, the PEV will be suspended and regulated by the FCFS queuing regulation which places all PEVs in a queue and charges them in the order that they arrive in. And as soon as the available distribution grid power is sufficient for the headmost PEV in the queue, the FCFS algorithm will automatically trigger the charging process of that vehicle.
Due to its low complexity and fairness of the service, the FCFS scheduling has been considered as a possible strategy in scheduling the PEV charging activity in the smart grid [15] . However, this method cannot distinguish PEV charging requests with urgency. In order to satisfy the various charging requirements brought by the increasing penetration of PEVs, this paper proposes an improved queuing-theorybased dynamic scheduling algorithm that assigns each PEV with different priority levels, with which the schedule queue can be considered as a soft real-time system comprising mainly aperiodic tasks [25, 26] . Therefore, the PEV priority is assigned based on the slack time of each process, which is defined in the function:
where is the allowable latest charging finish time and can be calculated by the function:
where is the resident-preset charging duration time through smart meters, and it reflects the resident charging urgency. The main process of dynamic scheduling algorithm is illustrated in Figure 5 (b).
Computer Simulation
Simulation Platform and Configuration.
The computer simulation is demonstrated based on the proposed model in order to verify the performance of the proposed scheduling mechanism. Considering that the PEV charging events of a certain area form a typical discrete event process, the ExtendSim software is adopted as the simulation platform to establish the proposed model. ExtendSim is advanced simulation software with powerful constructs and unlimited hierarchical structure for modeling complex discrete event processes [27] , which is especially suitable for the modeling the dynamic PEV charging queuing process and multiple scheduling algorithms. Meanwhile, the features of the ExtendSim also make the constructed model flexible and extensible for more complex situations in the future study. In order to compare the performance of the proposed algorithms as well as the FCFS, the main simulation parameters including the resident population, PEV types and specification, and the driving habit of the proposed residential community keep the same as those in Section 2, where the key parameters are listed in Table 2 . And in order to represent the charging PEVs with high, middle, and low urgency, in the simulation is preset to be 1 h, 3 h, and 6 h with the probability of 0.3, 0.3, and 0.4.
With the simulation parameters added and modules connected in the ExtendSim platform, the main simulation structure of the proposed model is shown in Figure 6 , where the scheduling algorithms are programmed in function modules marked with a black block in the figure.
Simulation Result and Discussion.
A series of computer simulations are conducted based on the above conditions. Figure 7 shows real with the FCFS algorithm and the proposed algorithm, in which group 1 and group 2 denote the real profiles in weekdays and weekends.
Compared with real in Figure 3 , electricity grid and the two PEV charging scheduling algorithms both enjoy a stable charging load in charging peak hours. And the performance of the two algorithms is similar to each other. The reshaped electricity grid load power profiles are safely limited under the 2400 kW threshold. Moreover, the power valley after midnight is largely filled up, and therefore the PAR is reduced. In order to examine the proposed scheduling algorithm in satisfying the PEV owners' requirements, the comparable simulation between the FCFS scheduling and the proposed scheduling is illustrated in Figure 8 , in which the thin and thick solid lines denote the FCFS and proposed algorithms performance in weekdays and dashed lines are their performance in weekends.
Compared to the traditional FCFS scheduling, the proposed scheduling algorithm gives the PEV with smaller slack time higher priorities; therefore, it has relatively higher on-time ratio, which helps to insure the charging of urgent PEV owners. The key parameters in the simulations have been listed in Table 3 . It can be observed that the proposed algorithm has similar average queue length, maximum queue length, and average wait time. However, to ensure residents charging urgency requirements, it regulates residents with low urgency requirements with relatively longer wait time. Therefore, the maximum wait time of the proposed algorithm in weekdays and weekends is larger than FCFS, but the whole on-time rate is guaranteed. Moreover, in the simulation most of night-coming PEVs are served before 06:00 a.m. the next day, which denotes the proposed charging algorithm's efficiency in maintaining the electricity grid safety as well as satisfying the PEV owner charging requirements.
In practice, the proposed scheduling can be adopted with dynamic electricity prices; therefore, the idle PEV owners are encouraged to preset a larger for an electricity bill discount, while urgent PEV owners can get charged in advance at a cost of high bills. It should be noted that due to the fact that PEV is owned mostly by residential consumers, in this analysis it is assumed that the proposed charging mechanism is associated with home charging for simplicity. Nevertheless, in case it becomes necessary to account for the charging at public locations, the proposed scheduling and dispatch methods would still be properly applied as well.
Conclusions
The paper proposes a new PEV charging activity model and develops a queuing-theory-based mechanism to schedule the PEV charging in order to maximize the utilization of excess distribution circuit capacity while keeping the probability of a distribution grid load profile negligible. The proposed scheduling algorithm shows preferable performance in alleviating the charging impact. And by adopting the mechanism, the limited available power in high-peak load times is well utilized, the significant peak load is reduced, and the various charging requirements are largely satisfied. Due to its simplicity and flexibility, the model can be easily facilitated for grid system adopting vast amounts of PEVs.
